ABSTRACT Studies of transmission, maintenance, infectivity, virulence, and pathogenicity of tickborne agents require the use of large numbers of live laboratory-raised ticks. Colonies of Ixodes scapularis Say, Ixodes pacificus Cooley & Kohls, Amblyomma americanum (L.), Dermacentor occidentalis Marx, Dermacentor variabilis (Say), Hemaphysalis leporispalustris (Packard), and Rhipicephalus sanguineus (Latrielle) have been maintained in our laboratory at the Centers for Disease Control and Prevention for Þve to 18 continuous generations. New Zealand White rabbits (Oryctolagus cuniculus) are used as hosts for all tick species and developmental stages. Between feedings, ticks are stored in environmental incubators at 22Ð24ЊC and 90% RH with a day/night photoperiod of 16:8 (L:D) h. The duration of feeding, molting, preoviposition, and periods of postmolting development were recorded. Here, we describe the life cycles of these common North American tick species under standardized laboratory conditions. At 22Ð24ЊC, the minimal time needed for each species to complete one life cycle was as follows: I. scapularis, 204 Ð219 d; I. pacificus, 214 Ð229 d; R. sanguineus, 162Ð177 d; H. leporispalustris, 209 Ð224 d; D. variabilis, 176 Ð191 d; D. occidentalis, 180 Ð195 d; and A. americanum, 192Ð211 d. 
Worldwide, ticks are second only to mosquitoes as vectors of human disease. However, they are considered to be the most important vectors of pathogens in North America (Parola and Raoult 2001) . Over the past 100 yr, new tick-borne zoonoses were discovered at the relatively constant rate of one per decade in the United States until the past two decades. During this recent period, the number of recognized human tickborne diseases in the United States has increased dramatically, as has the human and animal morbidity ascribed to these newly emerging diseases (Childs et al. 1998 ).
Much of the increased incidence in tick-borne diseases in the United States in the 1980s and 1990s has been attributed to reforestation of the northeastern states, which has led to an expansion in the geographical distribution and abundance of the blacklegged tick, Ixodes scapularis Say, a competent vector of at least four agents known to be pathogenic for humans (Borrelia burgdorferi, Babesia microti, Anaplasma phagocytophilum, and Powassan encephalitis virus). Ixodes pacificus Cooley & Kohls is responsible for the expansion of the same four pathogens in the western United States. Just as this expansion of I. scapularis continues to bring more people in contact with novel enzootic tick-borne pathogens, other tick-borne diseases have emerged as new public health threats (Childs et al. 1998) .
The lone star tick, Amblyomma americanum (L.), is another important vector of zoonotic pathogens affecting humans in the United States. Ehrlichia chaffeensis, Ehrlichia ewingii, Coxiella burnetii, Francisella tularensis, Rickettsia amblyommii, and Borrelia lonestari have been isolated or identiÞed from A. americanum and are capable of causing human disease (Childs and Paddock 2003) . Rickettsia rickettsii, the agent of Rocky Mountain spotted fever, Colorado tick fever virus, and Francisella tularensis, are transmitted by ticks in the genus Dermacentor.
The brown dog tick, Rhipicephalus sanguineus (Latreille), is the principal vector of three subspecies of Rickettsia conorii in southern Europe to the Indian subcontinent and all of Africa (Peter et al. 1984 , Raoult et al. 1992 , Psaroulaki et al. 1999 , Bernasconi et al. 2002 . In the United States, R. sanguineus was recently implicated as a vector of R. rickettsii (Demma et al. 2005) , and of R. massiliae, for which the pathogenic potential in North America is as yet unknown (Eremeeva et al. 2006) . However, R. massiliae was recently described as causing human infections in Argentina, Sicily, and Spain (Beati et al. 1996 , Cicuttin et al. 2004 , Eremeeva et al. 2006 .
Both R. canadensis and low virulence strains of R. rickettsii have been isolated from the rabbit tick, Hemaphysalis leporispalustris (Packard) (McKeil et al. 1967 , Lane 1981 , Fuentes et al. 1985 . Some studies have suggested that H. leporispalustris may play an important role in maintaining enzootic cycles of R. rickettsii among wild rabbits and birds (Clifford et al. 1969 , Burgdorfer and Brinton 1975 , McDade and Newhouse 1986 . H. leporispalustris also seems to serve as vector of Anaplasma bovis (Goethert and Telford 2003) .
Many modern studies of the virulence of tick-borne pathogens in animals have been performed using pathogens grown and maintained in artiÞcial culture, cell lines, or serial passages of animal blood or tissue homogenates with needle inoculation as the primary mode of infection. However, the dynamics, pathogenesis, and symptoms of infection as well as the subsequent immune response to infection and recovery strongly depend on the route of pathogen introduction into a susceptible host (de Souza et al. 1993 , Gern et al. 1993 , Crippa et al. 2002 , Massung et al. 2004 , Motameni et al. 2005 . In natural transmission, tickborne pathogens enter the vertebrate host with tick saliva, which assists the establishment of infection by modifying the host immunological and cellular responses at the site of tick attachment (Nuttall 1999) . Ticks thus provide a modiÞed environment in which bacteria and parasites can differentiate and proliferate and then migrate to other tissues to ensure successful biological transmission to the next invertebrate host. These tick factors can directly inßuence the infectivity and virulence of tick-borne agents as well as alter host responses. Consequently, conditions of natural transmission are poorly replicated when artiÞcial methods of proliferation, maintenance, and inoculation into animals are used. Results of such laboratory studies may be difÞcult to extrapolate and apply to natural infections.
The transmission, maintenance, infectivity, virulence, and pathogenicity of tick-borne agents are studied in our laboratory by using tick bite as the natural mode of infection. To conduct these studies, we maintain laboratory colonies of many epidemiologically important hard tick vectors. General laboratory setup, tick feeding protocols, and environmental requirements necessary for maintenance of ixodid tick colonies have been described in a recently published manual (Sonenshine 1999) . Several publications had focused on deÞning optimal laboratory conditions for a few individual species of North American ticks (Loomis 1961; Lindsay et al. 1995; Peavey and Lane 1996; Banks et al. 1998a Banks et al. , 1998b Lane et al. 1999) . However, there are no descriptions of the complete laboratory life cycles of several common North American tick vectors based on long-term colony maintenance and reliable production of uninfected ticks under standardized conditions suitable for a variety of species.
Here, we summarize our experience in maintaining laboratory colonies of I. scapularis, I. pacificus, A. americanum, D. variabilis, D. occidentalis, H. leporispalustris, and R. sanguineus for Þve to eighteen generations. All of these ticks have a 3-host life cycle, and take up to 2 yr to complete this cycle in nature (Sonenshine 1991). Adults of prostriate ticks (genus Ixodes) can mate on or off host as they do not require a bloodmeal to initiate the gonotrophic cycle. Adults of all other ixodids (metastriate ticks) mate exclusively on the host, because males require up to 3 d of feeding to complete spermatogenesis (Kiszewski et al. 2001 ).
Materials and Methods
Our colonies originated from adult ticks collected in various regions across the United States (Table 1) . Most of the original ticks were unfed adults that were collected from vegetation by ßagging, whereas engorged H. leporispalustris adults were removed from a road-killed cotton-tail rabbit. Ten to 20 pairs of adult ticks were originally used to establish each of the colonies. The progeny of these ticks were split into two to three groups maintained in parallel. Adult ticks from different lines were cross-bred to avoid inbreeding. Periodic (once in three to four generations) introduction of male ticks collected from the sites of the origin of the colonies ensured additional genetic diversity while maintaining the coloniesÕ genetic makeup as close to that of the original populations as possible.
New Zealand White rabbits (Oryctolagus cuniculus) were used as the host for all tick species and developmental stages. Ticks were placed in feeding bags that were glued to the clean-shaved skin on the back of a rabbit using Kamar adhesive (Kamar, Inc., Steamboat Springs, CO), which is approved for veterinary use. This adhesive provided a strong uniform seal lasting for at least 2 wk. Bags were glued onto the rabbit 1 d before tick infestation to ensure that the glue was completely dry and that the bags remained properly attached. Bags consisted of two layers of 75-mmwide cotton stockinet (Southern Prosthetic Supply, Alpharetta, GA). Two layers were used to prevent ticks from escaping if the outer layer was damaged by the rabbit. Each bag was examined daily and replaced if it became damaged. Two feeding bags were attached simultaneously to the back of each rabbit, and Ϸ1,000 Ð 2,000 larvae, 300 nymphs, or up to 40 adults (20 females and 20 males) were placed in each bag and allowed to feed to repletion. All procedures were approved by the Institutional Animal Care and Use Committee and conducted in a laboratory equipped with tickÐ escapeÐ prevention barriers.
Rabbits were kept in individual cages and Þtted with Elizabethan collars (15.2Ð20.3 cm diameter) to prevent grooming. The cages were placed over metal pans Þlled with water and painted with petroleum jelly at the top to ensure ticks did not escape. This setup also allowed us to collect engorged ticks from the water pans in rare cases when feeding bags became damaged or unglued. The engorgement status of ticks feeding on rabbits was checked daily for the duration of the infestation, and twice per day while ticks were dropping off. To avoid the effects of rabbit antitick immunity on tick feeding and survival (Norval 1978 , Rechav et al. 1989 , Tembo and Rechav 1992 , Schorderet and Brossard 1993 , Heller-Haupt et al. 1996 , Loftis et al. 2004 , each rabbit was used only once (for simultaneous feeding of two groups of ticks). Fully engorged ticks were collected and kept in polystyrene containers that were stored in environmental incubators at 24 Ϯ 1ЊC and 90% RH with a photoperiod of 16:8 (L:D) h. Species and stages of ticks that tolerate cold temperatures could be stored in similar incubators at 4 Ð 8ЊC and saturated (Ͼ80%) humidity with a photoperiod of 8:16 (L:D) h. Storage of those ticks at low temperatures signiÞcantly prolonged tick development and extended survival between bloodmeals as described below.
Engorged larvae were placed in 12-by 75-mm clear polystyrene tubes (14-961-10A, Fisher, Atlanta, GA) containing 25 individual larvae or 11.1-ml polystyrene containers (03-338-3A, Fisher) holding up to 100 larvae. Engorged nymphs were all placed in 12-by 75-mm polystyrene tubes with each tube containing no Ͼ10 individual engorged nymphs. Engorged females were kept individually in either polystyrene tubes or containers depending on the size of females. Our experience showed that placing larger numbers of ticks per container led to an accumulation of waste, which resulted in fungal growth and a consequent decrease in tick survival. We use neither glass nor cardboard containers to store ticks as at high relative humidity the former are prone to vapor condensation and the latter to mold growth, either of which can be detrimental to tick survival. Engorged ticks were regularly monitored for molting and oviposition progress. Freshly molted ticks were immediately placed in clean vials to avoid potential damage from fungal contamination. After molting or hatching, ticks were allowed to sit for at least 2 wk before the next feeding to allow them to complete their postmolt development. Larvae were normally fed within no Ͼ12 wk after hatching to avoid mortality due to starvation, or, possibly, desiccation.
The duration of larval, nymphal, and adult feeding was calculated as the number of days from placement on the rabbit until drop-off. Molting period for larvae to nymphs and nymphs to adults was calculated as the number of days from drop-off to ecdysis. Gestation period was determined as the period from female drop-off to the beginning of oviposition. Incubation periods were calculated from the beginning of oviposition until hatching of larvae from Ϸ50% of fertilized eggs in an egg clutch. For each group of fed ticks, the average durations of engorgement, gestation, and incubation were determined and recorded. Minimal length life cycles were calculated assuming ticks were ready to feed as soon as they Þnished molting even though they were not fed for 2 wk postmolting.
Although a small proportion of ticks in each cohort were usually capable of attaching and feeding almost immediately after ecdysis, the majority of ticks required an additional 2Ð 4 wk for postmolting development at each stage. Allowing this time signiÞcantly increased the feeding success. Therefore, the normal length of a life cycle of each tick species is 45Ð 60 d longer than the minimal length cycles (Fig. 1) .
Results

I. scapularis.
Unfed I. scapularis adults survived up to 12 mo when kept at 22Ð24ЊC and up to 24 mo at 4Ð8ЊC. Adult I. scapularis mate either before or during the feeding and the majority of males die soon after copulation. Therefore, separation of males from females immediately after eclosion prolonged the survival of male ticks. Fertilized females completed their engorgement on a New Zealand White rabbit within 6 Ð10 d with most females dropping off on days 7 and 8 (Table 2; Fig. 1 ). Males were rarely seen attached to the rabbit, but they were observed copulating with females and crawling around the feeding bag between attached females. The majority of males died while on the rabbit by the seventh day.
At 22Ð24ЊC engorged females took Ϸ2Ð3 wk (18.0 Ϯ 1.0 d, mean Ϯ SD) to complete the gestation period and begin laying eggs. Hatching began within 6 Ð7 wk (43.3 Ϯ 2.3 d) after oviposition (Table 2; Fig. 1 ). Both the gestation and the incubation periods can be extended for up to 6 Ð 8 mo by storing engorged females at 4Ð8ЊC. Once hatched, larvae could be stored at 22Ð24ЊC for up to 5 mo. However, if larvae were not fed for periods longer than 4 mo after hatching while being stored at 22Ð24ЊC, they would begin to die. Once hatched, I. scapularis larvae did not tolerate cold temperatures and short photoperiods well.
Once placed on a rabbit, I. scapularis larvae feed for up to 7 d (Table 2) with the majority falling off on the fourth day (Fig. 1) . As engorged larvae begin to fall off a host, it is advisable to collect them twice a dayÑ once in the morning and once in the afternoonÑlest they become desiccated in the bags before the next collection. Only larvae of genus Ixodes experienced high (Ͼ50%) postdetachment mortality if not removed from a rabbit with 12 h after drop-off. The median number of live engorged I. scapularis larvae collected from a rabbit was 810 per egg clutch.
It took Ϸ6 Ð7 wk (42.3 Ϯ 5.0 d) for engorged larvae to molt into nymphs (Table 2; Fig. 1 ). I. scapularis nymphs had to be transferred to clean vials soon after molting to forestall fungal growth and consequent die-off. If this was not done, nymphs would begin to die after Ϸ5 wk. By transferring nymphs to clean vials, we prolonged their life signiÞcantly. Unfed I. scapularis nymphs survived up to 10 mo when kept at 22Ð 24ЊC and up to 36 mo when kept at 4 Ð 8ЊC.
Nymphs fed for 3Ð 8 d with most falling off on day 4 (Table 2; Fig. 1 ). It took 6 Ð 8 wk (40.8 Ϯ 3.7 d) for engorged nymphs to molt into adults. Once the adults molted, again we transferred all the live adults to individual clean vials to enable longer and better survival.
If ticks at every life stage were forced to feed immediately after hatching or molting, I. scapularis could be pushed through its full developmental cycle in 23 wk (Fig. 1) , but with low survival due to minimal feeding success. When ticks were given at least 2 wk for postmolting development, their feeding success rose to 80 Ð96% at every developmental stage. Thus, the normal the life cycle of I. scapularis colony was completed in 29 Ð31 wk (Table 2) .
I. pacificus. Unfed I. pacificus adults survived up to 12 mo when kept at 22Ð24ЊC and up to 24 mo at 4 Ð 8ЊC. As with I. scapularis, I. pacificus adults were separated by sex soon after ecdysis. If not separated, a few of the adults mated before feeding and the majority mated while feeding on a host. Most of the fertilized I. pacificus females completed their engorgement within 6 Ð 8 d, although some stayed attached for up to 2 wk ( Fig.  1 ; Table 2 ). Males were seen attached to females and crawling around the feeding bag between attached females, but they were not attached to the skin. The majority of males placed on a rabbit would die by the 11th day.
At 22Ð24ЊC, engorged females took between 3 and 4.5 wk (25.5 Ϯ 4.1 d) to begin laying eggs, and eggs began hatching within the next 5Ð7 wk (42.0 Ϯ 7.0 d) ( Table 2 ; Fig. 1 ). Time required for the majority of females to commence oviposition in our colony was Ϸ7 d longer than reported previously (Padgett and Lane 2001) , which may be due to the difference in the environmental conditions. Both oviposition and incubation periods can be extended for up to 6 Ð 8 mo by storing engorged females at 4 Ð 8ЊC. Similar to I. scapularis, I. pacificus larvae could be kept at 22Ð24ЊC without feeding for up to 5 mo before noticeable mortality occurred. Once hatched, I. pacificus larvae did not tolerate cold temperatures. Larval I. pacificus fed for 3Ð 8 d with most falling off on days 4 and 5. Once larvae began to drop off, they must be collected twice a dayÑin the early morning and again in the afternoon, to avoid high (Ͼ50%) mortality due to desiccation. The median number of live engorged I. pacificus larvae collected from a rabbit was 570 per egg clutch. It took Ϸ5Ð 6 wk (41.0 Ϯ 2.9 d) for engorged larvae to molt into nymphs. Molted nymphs were transferred to clean vials. Unfed I. pacificus nymphs survived up to 10 mo when kept at 22Ð24ЊC and up to 36 mo when kept at 4 Ð 8ЊC.
Nymphal I. pacificus fed for 3Ð9 d with most falling off on the day 5. It took Ϸ7 wk (43.3 Ϯ 1.2 d) for engorged nymphs to molt into adults (Table 2 ; Fig. 1 ). Once the adults molted, again we transferred all the live adults to individual clean vials to enable longer and better survival.
Ixodes pacificus could be hastened through its entire developmental cycle in Ϸ24 wk (Fig. 1) . Normally, the life cycle took Ϸ30.5Ð33 wk (Table 2) .
A. americanum. Unfed A. americanum adults survived up to 8 mo when kept at 22Ð24ЊC, and they were observed to survive for over 2 yr when stored at 8ЊC. Males of A. americanum could mate only on a host after feeding to complete spermatogenesis; therefore, separation by sex before feeding was not necessary, although prevention of mold growth by moving freshly molted ticks into clean vials did prolong their survival. Fertilized females completed their engorgement on a rabbit within 10 Ð15 d with most females dropping off on day 12 (Table 2; Fig. 1 ). As females dropped off, males remained attached to the rabbit and had to be removed with tweezers before the removal of feeding bags.
At 22Ð24ЊC, engorged A. americanum females took 2Ð3 wk (15.8 Ϯ 3.5 d) to begin laying eggs, and most eggs began hatching within the following 7Ð9 wk (Table 2; Fig. 1 ). Unfed larvae exhibited good survival for up to 6 mo stored at 22Ð24ЊC, but they did not tolerate low temperatures, which is in agreement with earlier reported observations (Needham et al. 1996) .
Larval A. americanum fed for 4 Ð9 d with most falling off on the Þfth day. The median number of live engorged A. americanum larvae collected from a rabbit was 1,490 per egg clutch. It took 3Ð 4 wk (21.7 Ϯ 2.2 d) for engorged larvae to molt into nymphs (Table 2; Fig.  1 ). Transferring freshly molted nymphs into individual clean vials prolonged their survival signiÞcantly. If not transferred, increasing mortality could be observed after 3 wk from molting. If kept clean, unfed A. americanum nymphs survived up to 2 mo when kept at 22Ð24ЊC, and storing them at 4 Ð 8ЊC prolonged their survival to at least 6 mo. Nymphs fed for 3Ð 8 d with most falling off on day 5 (Table 2; Fig. 1 ). It took Ϸ5Ð 6 wk (34.0 Ϯ 4.6 d) for engorged nymphs to molt into adults.
Under our standardized laboratory conditions, A. americanum could be hastened through its entire developmental cycle in Ͻ22 wk, but normally the life cycle took Ϸ28 Ð30 wk (Table 2 ; Fig. 1 ). However, E. Loomis had previously reported good survival and rapid development of all stages of A. americanum at room temperature (21Ð26.5ЊC) and relative humidity as low as 45Ð 60%. Under those conditions, the whole life cycle could be completed in 71 d (Loomis 1961) .
D. occidentalis. Unfed D. occidentalis adults survived up to 8 mo when kept at 22Ð24ЊC before they began to die. Cold tolerance of this species was not examined. As in all Amblyomminae, adults of D. occidentalis mate only on a host and therefore separation by sex before feeding was not necessary, although prevention of mold growth by moving freshly molted ticks into individual clean vials did improve their survival. Fertilized females completed their engorgement on a rabbit within 5Ð12 d (Table 2) , with most females dropping off on day 7 (Fig. 1) . Males remained attached to the rabbit usually in compact groups and had to be removed with tweezers after the last female dropped off.
At 22Ð24ЊC, engorged females took between 11 and 22 d (15.0 Ϯ 5.1) to commence the oviposition, and eggs began hatching within 5Ð7 wk (39 Ϯ 3.6 d) ( Table  2 ; Fig. 1 ). Unfed larvae could be kept at 22Ð24ЊC for up to 6 mo before noticeable mortality would occur.
Larvae fed for 3Ð7 d with most falling off on the fourth day. The median number of live engorged D. occidentalis larvae collected from a rabbit was 1,840 per egg clutch. It took 3Ð 4 wk (23.0 Ϯ 3.4 d) for engorged larvae to molt into nymphs (Table 2; Fig. 1 ). If nymphs were transferred to clean vials within 3 wk after the molt, they survived for up to 2 mo at 22Ð24ЊC without a perceptible loss.
Nymphs fed for up to 9 d with most falling off on day 5. Most of the engorged nymphs fed as a cohort would molt into the adult stage almost simultaneously by 6 wk postengorgement (40.5 Ϯ 0.6 d) ( Table 2 ; Fig. 1) .
A colony of D. occidentalis could complete its entire developmental cycle in Ϸ19 wk (Fig. 1) . Normally, the life cycle took Ϸ25.5Ð28 wk (Table 2) . D. variabilis. Unfed D. variabilis adults survived up to 8 mo when kept at 22Ð24ЊC if stored in clean containers. Cold tolerance of the adult stage was not examined. Because D. variabilis do not mate before the feeding, separation of unfed ticks by sex was not necessary. Most females completed their engorgement on a rabbit within 7Ð10 d after infestation (Table  2 ; Fig. 1 ). Males remained attached to the rabbit and had to be removed after the last female dropped off.
At 22Ð24ЊC, engorged females took only 1.5Ð3 wk (15.0 Ϯ 6.2 d) to begin depositing eggs, and the eggs started hatching within 5Ð 8 wk thereafter (44.3 Ϯ 5.9 d). Unfed D. variabilis larvae could be stored at 22Ð24ЊC for up to 6 mo without considerable mortality but did not tolerate low temperatures.
Once placed on a rabbit, larvae fed for 2Ð 8 d with most falling off on the fourth day. The median number of live engorged D. variabilis larvae collected from a rabbit was 1,140 per egg clutch. Molting into nymphal stage would begin within 2 wk postengorgement and continue for up to 3 wk thereafter ( Table 2 ). The majority of engorged D. variabilis larvae molted within 3.5 wk after the engorgement (24.1 Ϯ 7.2 d) (Fig. 1) . Unfed D. variabilis nymphs survived up to 2 mo without a substantial mortality when kept at 22Ð 24ЊC, but they did not tolerate low temperatures.
Nymphal D. variabilis were observed to feed upon a New Zealand White rabbit for up to 11 d, although most would fall off on day 5 (Table 2; Fig. 1 ). Engorged nymphs molted into adults within Ϸ3.5Ð5 wk postengorgement (30.3 Ϯ 3.3 d) ( Table 2) .
D. variabilis could be hastened through its entire developmental cycle in Ϸ19 wk (Fig. 1) . Normally, the life cycle took from 25 to 27 wk ( Table 2) . H. leporispalustris. Unfed H. leporispalustris adults survived up to 18 mo when kept at 22Ð24ЊC even if not transferred to clean containers. Due to excellent survival of all stages, cold tolerance of this species was not examined. Mating of H. leporispalustris also occurs on the host only. Unlike in other tick species described here, engorgement and detachment of H. leporispalustris females was gradual and spread out in time. The Þrst replete females were collected from rabbits after 9 d of feeding, and the remaining females continued to drop off steadily throughout the following 2 wk (Table  2) . Males remain attached to the rabbit and had to be removed manually.
At 22Ð24ЊC, engorged females would commence the oviposition between 10 and 25 d (18.7 Ϯ 5.3) postengorgement. Interestingly, ticks feeding for longer periods would have shorter intervals between drop-off and oviposition, and vise-versa. Thus, the whole cohort of H. leporispalustris females placed on a rabbit on the same day would begin laying eggs at the same time regardless of the date of repletion. The incubation of H. leporispalustris eggs took between 7 and 8.5 wk (44.7 Ϯ 9.0 d) ( Table 2 ; Fig. 1 ). Unfed larvae could be stored at 22Ð24ЊC for up to 8 mo.
Larval H. leporispalustris fed for up to 2 wk with most dropping off on day 9 (Table 2; Fig. 1 ). Although small in size, engorged larvae were more resistant to desiccation than larger larvae of I. scapularis or I. pacificus. Their mortality did not exceed 20% if collected off the host only once per day. The median number of live engorged H. leporispalustris larvae collected from a rabbit was 470 per egg clutch. It took 3.5Ð5.5 wk (32.5 Ϯ 5.5 d) for engorged larvae to molt into nymphs. It was not necessary to transfer molted nymphs into clean vials immediately because H. leporispalustris did not create as much debris as other species during blood digestion and molting, and they were less affected by mold growth. Unfed H. leporispalustris nymphs were kept for up to 12 mo at 22Ð24ЊC, without noticeable loss of vitality or feeding success.
Once placed on a rabbit, nymphs fed for up to 2 wk with most dropping off around day 10 (Table 2; Fig. 1 ). It took 3.5Ð5 wk (32.2 Ϯ 7.0 d) for engorged nymphs to molt into adults.
Under our standardized laboratory conditions, H. leporispalustris could be rushed through the entire developmental cycle in under 24 wk (Fig. 1) , but normally the life cycle took Ϸ30 Ð32 wk (Table 2) . Feeding durations of different life stages observed in this North American colony were similar to those reported for two Brazilian colonies of H. leporispalustris (Labruna et al. 2000) . Development periods were, however, much longer in our colony due to lower housing temperatureÑ22Ð24ЊC versus 26 Ð28ЊC in the cited publication.
R. sanguineus. In our experience, unfed R. sanguineus adults can survive for Ͼ12 mo stored at 4 Ð 8ЊC. R. sanguineus mate only on a host; therefore, separation of adults by sex before feeding was not necessary. Females began to drop off on day 8 after placement on a rabbit, and all were Þnished feeding by day 11 (most fell off on day 9). At 22Ð24ЊC, oviposition started between 1 and 3 wk (12.8 Ϯ 5.9 d) after the completion of female engorgement (Table 2 ; Fig. 1 ). Eggs began hatching within 4 Ð5 wk (32.2 Ϯ 3.1 d). Hatched larvae could be kept at 22Ð24ЊC for at least 4 mo before feeding without substantial mortality. R. sanguineus larvae did not tolerate cold temperature (4 Ð 8ЊC) well.
Larval R. sanguineus fed for 3Ð 6 d with most falling off on the fourth day. The median number of live engorged R. sanguineus larvae collected from a rabbit was 1,170 per egg clutch. A few engorged larvae could molt into nymphal stage within 2 wk after engorgement but the majority took up to 6 wk to complete molting (22.3 Ϯ 10.2 d) ( Table 2 ). Molted R. sanguineus nymphs must be fed within 1 mo after ecdysis to avoid a substantial mortality when kept at 22Ð24ЊC, and they did not tolerate low temperatures. Nymphs fed for 4 Ð7 d with most falling off on day 5. It took 4 Ð5 wk (32.8 Ϯ 3.4 d) for engorged nymphs to molt into adults.
Under our standard laboratory conditions, R. sanguineus could be hastened through its entire developmental cycle in only 17 wk, but normally the life cycle took Ϸ23Ð25 wk (Table 2; Fig. 1 ). Jacobs and coauthors have recently reported that development periods for a South African population of R. sanguineus are shortest at 30ЊC and 90%RH, and the whole life cycle can be completed in a laboratory in only 14 Ð15 wk (Jacobs et al. 2004 ).
In conclusion, the duration of development and longevity of ticks strongly depend on ambient temperature, relative humidity, and photoperiod (Beliaeva 1977 , Bouchalova et al. 1977 , Lindsay et al. 1995 , Bertrand and Wilson 1996 , Peavey and Lane 1996 , Jacobs et al. 2004 . Optimal combinations of environmental conditions, under which time required for completion of a life cycle could be the shortest, vary for different species of ticks, and, probably, for individual populations of the same species. Here, we do not attempt to determine the optimum of conditions for each individual species, but rather we describe life cycles under conditions suitable for a variety of common North American tick species: 22Ð24ЊC, 90 Ð95% RH, and the photoperiod of 16:8 (L:D) h.
Likewise, different species of ticks at various life stages feed preferably on certain species of vertebrate hosts in nature. The suitability of hosts is known to affect the duration of feeding, engorgement weights, molting success, and fecundity (Wilson et al. 1990 , Labruna et al. 2000 . Use of natural hosts for tick feeding is often advantageous, but acquisition, housing, and handling of wildlife species can be complicated and expensive. However, the New Zealand White rabbit (Oryctolagus cuniculus), used for tick feeding in our practice, is one of the most common laboratory animals, and it has proven to be suitable as a source of bloodmeal for all life stages of divergent tick species. Although New Zealand White rabbits are not natural hosts of North American ticks, ability to use them in routine colony maintenance simpliÞes matters of Institutional Animal Care and Use Committee protocol approval, animal housing, and handling.
Ticks are notorious as vectors of numerous agents causing disease in humans and animals. They transmit protozoan, viral, bacterial, and fungal pathogens. Thus, ticks are subjects of numerous studies on their biology, morphology, behavior, and ability to transmit pathogenic organisms. These studies of transmission, maintenance, infectivity, virulence, and pathogenicity of tick-borne agents require the use of large numbers of live ticks that are used as donors, recipients, or both, of infection. Although wild-caught ticks can, and often are, used for some of these studies, the potential presence of unintended agents in those ticks introduces additional uncontrollable variables into experiments. The presence or absence of tick-borne agents is more easily monitored in a colony of laboratory-reared ticks.
Several tick-borne pathogens have been reported to affect the survival, behavior, fecundity, and metamorphosis of their vectors (Alekseev 1991 , Lefcort and Durden 1996 , Niebylski et al. 1999 , Watt and Walker 2000 , Korotkov and Burenkova 2006 . Herein, we describe life cycles of ticks uninfected with known horizontally transmitted pathogens. However, our colonies of I. scapularis and I. pacificus contain a transovarially transmissible nonpathogenic symbiont known as "Rickettsia midichlorii," and the A. americanum colony is universally infected with the agent "R. amblyommii." These rickettsial organisms are transovarially transmitted by females to their progeny and present in populations of the respective tick-hosts throughout their geographical range (Robinson et al. 2003 , Mixson et al. 2006 . Our attempts to develop colonies free of these microorganisms by antibiotic treatments have been unsuccessful.
The deleterious effect of inbreeding is an important factor that has to be considered in establishment and long-term maintenance of tick colonies. Abnormalities in nymphal and adult ticks, including deformed scutum and alloscutum, malformed or undeveloped legs and hypostome, become apparent within seven to nine generations. However, more subtle changes such as decreases in feeding and molting success, lower fecundity, mating failure, and increased length of feeding and molting can be noticed already by the third or fourth inbred generations. It is advisable, therefore, to regularly introduce ticks from other colonies or from the wild into a laboratory colony to maintain genetic diversity and avoid effects of inbreeding. This introduction poses a certain risk as tick-borne pathogens also can be introduced into the colony along with these new ticks. To minimize such risk, we only introduce male ticks into our colonies. In addition, representative samples of ticks from each colony generation are routinely tested by polymerase chain reaction for DNA of known tick-born agents. Sera from all rabbits used in maintenance of the tick colonies also are tested for antibodies against tickborne agents to conÞrm the none-infectious status of ticks fed upon these rabbits.
